This study quantifies and maps the water footprint of Kenya from both production and consumption perspectives and estimates the country's virtual water export and import. Kenya's virtual water export related to trade in agricultural products was 4.1 km 3 /y; its virtual water import was 4.0 km 3 /y. The average export earning per unit of water consumed or polluted in producing agricultural export products was USD 0.25/m 3 , while the average expenditure on imported commodities per unit of virtual water imported was USD 0.10/m 3 . In addition to increasing water productivity in crop production, Kenya can mitigate its water scarcity by increasing imports of waterintensive products such as cereals and exports of high-value products such as cut flowers, vegetables, spices and tea.
Introduction
There are great disparities in water use and scarcity within and between countries because both people and water resources are distributed unevenly across the globe. Virtual water import in the form of import of agricultural goods is increasingly recognized as a mechanism to improve national water security (Allan, 2003; Chapagain, Hoekstra, & Savenije, 2006; De Fraiture, Cai, Amarasinghe, Rosegrant, & Molden, 2004; Hoekstra, 2003; Konar, Dalin, Hanasaki, Rinaldo, & RodriguezIturbe, 2012; Oki & Kanae, 2004; Yang, Wang, Abbaspour, & Zehnder, 2006) . Virtual water import enables nations to save scarce domestic water resources by importing water-intensive products and exporting commodities that require little water. On the other hand, water-abundant countries can profit by exporting water-intensive commodas a water-stressed country (FAO, 2005; Ohlsson & Appelgren, 1998; UNEP, 2006) . This is also the starting-point of Kenya's 'Vision 2030 ' (GoK, 2007 .
The aim of this paper is to assess the relation between national water resources use and international trade in a case study of Kenya. The water footprint of Kenya is quantified and mapped from both production and consumption perspectives for the period 1996-2005. The water footprint related to the production of agricultural export commodities is estimated and put in the context of export earnings. The import side is also considered, by quantifying how much water is embedded in imported commodities.
Previous water footprint and virtual water trade studies range from the global scale (Hoekstra & Chapagain, 2008; Hoekstra & Chapagain, 2007b) to national or sub-national scales. National studies have been carried out for China (Liu & Savenije, 2008; Ma, Hoekstra, Wang, Chapagain, & Wang, 2006) , France (Ercin, Mekonnen, & Hoekstra, 2013) , Germany (Sonnenberg, Chapagain, Geiger, & August, 2009) , India (Kampman, Hoekstra, & Krol, 2008; Verma, Kampman, van der Zaag, & Hoekstra, 2009) , Indonesia (Bulsink, Hoekstra, & Booij, 2010) , Morocco (Hoekstra & Chapagain, 2007a) , the Netherlands (Hoekstra & Chapagain, 2007a ; van Oel, Mekonnen, & Hoekstra, 2009) , Spain Garrido et al., 2010) and the UK (Chapagain & Orr, 2008) . The present study for Kenya differs from earlier studies by assessing the possibilities of water use efficiency improvements at three levels, following the proposal by Hoekstra and Hung (2005) : reduction of water footprint per unit of production at the user level; economically efficient allocation of water at the catchment level; and smart virtual water trade at the international level. Furthermore, this study assesses the water footprint and water scarcity within Kenya at a higher spatial resolution than has been used before.
Method and data
The water footprint is an indicator of human appropriation of freshwater resources. The term 'freshwater appropriation' refers to both consumptive water use (water evaporated or incorporated into the product) and the water required to assimilate pollutants. The water footprint has three components: the green-, blue-and grey-water footprints. The greenwater footprint is the volume of green water (rainwater) consumed. The blue-water footprint refers to consumption of blue-water resources (surface and groundwater). The grey-water footprint is an indicator of the degree of freshwater pollution and is defined as the volume of freshwater required to assimilate the load of pollutants, given existing ambient water quality standards.
Green-, blue-and grey-water footprints were estimated following the calculation framework set out in The Water Footprint Assessment Manual, developed by the Water Footprint Network (Hoekstra, Chapagain, Aldaya, & Mekonnen, 2011) . The water footprint within a nation is defined as the total freshwater volume consumed or polluted within the territory of the nation as a result of different economic activities. Data on water footprints of crop production in Kenya were taken from Mekonnen and Hoekstra (2011) .
The virtual water export from a nation is the sum of virtual water export from domestic water resources and re-exported virtual water of foreign origin. The gross virtual water flow is calculated by multiplying the volume of trade by the water footprint per tonne of product as in the exporting nation. We take the average product water footprint as in the exporting country, and when a product is imported from a country that does not produce the product we assume the global average product water footprint for that import flow. Kenya's virtual water import and export related to trade in agricultural products was taken from Hoekstra and Mekonnen (2012) .
The water footprint of national consumption is defined as the total volume of freshwater that is used to produce the goods and services consumed by the inhabitants of the nation. It consists of an internal and external component. The internal water footprint of national consumption refers to the use of domestic water resources to produce goods and services consumed by the national population. It is the difference between the water footprint within the nation and the volume of virtual water export to other nations related to export of products produced with domestic water resources. The external water footprint of national consumption, on the other hand, is defined as the volume of water resources used in other nations to produce goods and services consumed by the population in the nation considered. It is the difference between the virtual water import into the nation and the volume of virtual water re-exported to other nations as a result of re-export of imported products.
The water footprint of national consumption is calculated by adding the direct and indirect water footprints of consumers within the nation. The direct water footprint of consumers refers to consumption and pollution of water related to domestic water supply. The indirect water footprint of consumers refers to the water use by others to make the commodities consumed, where we distinguish between agricultural and industrial commodities. The water footprint of national consumption of agricultural and industrial commodities can be calculated through either the top-down or the bottom-up approach . In the top-down approach, the water footprint of national consumption is calculated as the water footprint within the nation plus the virtual water import minus the virtual water export. In the bottom-up approach, the water footprint of national consumption is calculated by adding the direct and indirect water footprints of consumers within the nation. The water footprint of national consumption used here was taken from Hoekstra and Mekonnen (2012) , who used the bottom-up approach.
Water productivities of crops were calculated per crop, at national level, by dividing the crop value (USD/kg) by the water footprint of the crop (m 3 /kg). Data on export and import values of agricultural products were taken from the Statistics for International Trade Analysis database, available from the International Trade Centre (ITC, 2007) .
Results

Water footprint of crop production
The total water footprint related to crop production in Kenya for 1996-2005 was 18.1 km 3 /y (97% green, 1% blue and 2% grey). The largest share (38%) of this water footprint was due to the production of maize. Dry beans, coffee, tea and wheat together contributed 33% (Table 1) .
About 61% of the green-water footprint was due to the production of maize, dry beans and coffee. The largest blue-water footprints were estimated for growing coffee (51 million m 3 /y) and rice (35 million m 3 /y), which together accounted for 40% of the total blue-water footprint related to crop production.
Although its fertilizer application rates are relatively low by international standards, Kenya has among the highest fertilizer application rates within Sub-Saharan Africa, excluding South Africa. Fertilizer use has grown in the recent past and reached over 350,000 metric tonnes in 2004-05 (Ariga, Jayne, & Nyoro, 2006) . Not all fertilizer applied will be absorbed by the plant. A significant amount of nitrogen can remain in the soil, and some of this will eventually leach into the groundwater or run off into surface water, causing pollution. We estimate that the grey-water footprint due to nitrogen fertilizer leaching from crop fields was about 300 million m 3 /y over the period 1996-2005. A little over half of this was related to the production of three crops: maize, coffee and potato.
About 23% of the agricultural water footprint was due to producing export products. The remaining 77% of the water was used for producing products for domestic consumption. It is worth noting that the average foreign currency earnings per unit of water consumed or polluted in producing agricultural export products were high (see Figure 9 for the economic water productivity of crops).
Among the major crops, the water footprint per tonne of crop increases from sugar-cane (roughly 100 m 3 /t), through potato (~400 m 3 /t) and maize, (~2700 m 3 /t) to coffee (~24000 m 3 /t). The largest blue-and grey-water footprints per tonne of crop were calculated for coffee (Table 1 ). The water footprint per tonne of crop varies significantly across the country, as shown in Figure 1 . While the total water footprint related to crop production is high in western Kenya, water footprints per tonne of crop are highest in northern and eastern Kenya. The water footprint of maize, for example, varies from 1200 m 3 /t in some parts of the Rift Valley and western provinces to as high as 6000 m 3 /t in the Eastern Province. This variation can be partly explained by differences in climatic conditions. The northern and eastern regions of Kenya are arid or semi-arid, with annual precipitation as low as 200 mm, which affects crop yields.
The total water footprint of crop production in each province of Kenya is shown in Figure 2 . Rift Valley Province accounts for about 39% of the total water footprint related to crop production. The largest blue-water footprints are found in Rift Valley (25%) and Table 1 . The water footprint of crop production in Kenya (1996 Kenya ( -2005 Nyanza (20%) Provinces. Rift Valley Province alone accounts for 35% of the grey-water footprint. Since most of Kenya's farming relies on rainfall, the croplands are concentrated in the places where rainfall is most reliable, such as the highlands, the Lake Victoria basin, and the narrow coastal strip. The green-water footprint dominates (>95%) in all provinces, reaching up to 98% in Rift Valley and Western Provinces. Figure 3 shows the variation in the green, blue, grey and total water footprint of crop production within the country on a 5-by-5-arcminute grid. The pattern of the total water footprint is similar to the pattern of harvested crop area (Monfreda, Ramankutty, & Foley, 2008) , which indicates that the water footprint per grid cell is largely determined by the fraction of harvested crop area per grid cell.
Virtual water flows related to trade in agricultural products
In the period 1996-2005, Kenya's virtual water export related to agricultural products was 4.1 km 3 /y (95% green, 3% blue and 2% grey). About 65% was related to exports of coffee and tea. Cotton products, livestock products and products of oil crops were the other agricultural products responsible for significant virtual water export from Kenya (Table 2 ). Kenya's total export earnings related to agricultural exports were USD 1.02 billion. Given these export earnings and the associated water use, we calculate earnings of about USD 0.25/m 3 . Cut flowers generated the highest economic returns per unit of water exported, followed by vegetable products. The major destinations for Kenya's virtual water exports were the US, Germany, the UK and Pakistan, which together accounted for about 45% of Kenya's virtual water exports.
In the period 1996-2005, the virtual water exported in relation to exports of coffee and tea was 2.6 km 3 /y (96% green, 2% blue and 2% grey). The main coffee-growing regions include the region north of Nairobi, the high plateau surrounding Mount Kenya, and the Aberdare region. Tea-growing regions in Kenya are located in the Great Rift Valley. To the east of the Rift Valley are the Aberdare Highlands (Mt. Kenya and the Nyabene Hills). To the west of the Rift Valley are the Nandi Hills and the highlands around Kericho, Mt. Elgon and the Kisii Highlands. The rainfall in these regions ranges from 1200 mm to 2700 mm annually (EPZA, 2005) . The water footprint for both coffee and tea is predominantly green water (96%). The contribution of coffee and tea towards Kenya's socio-economic development is vital. Coffee and tea cultivation provides direct and indirect employment to a large proportion of the population. In addition, the combined annual export revenues from coffee and tea accounted for USD 581 million, a 57% share in the total revenue generated from exports of the selected crops and livestock products in 1996-2005. Kenya's horticulture industry (vegetables, fruits and cut flowers) is the fastest-growing agricultural subsector and has become the second-largest export earner after tea, contributing 13% to the total export value in 1996-2005. Cut-flowers export alone accounted for about 53% of Kenyan horticultural export value, and its overall contribution to the country's export earnings is growing rapidly. In 1996-2005, the virtual water export in relation to the export of cut flowers was 18 million m 3 /y (22% green, 45% blue and 33% grey). The virtual water export in relation to the export of cut flowers has grown significantly, from 14 million m 3 /y in 1996 to 27 million m 3 /y in 2005. Over 90% of this went to just three countries: the Netherlands (69%), the UK (18%) and Germany (7%) (Mekonnen, Hoekstra, & Becht, 2012) .
The import, in the study period, of virtual water to Kenya related to the import of agricultural goods was 4.0 km 3 /y, about the same as virtual water export (Table 3 ). The virtual water trade balance of the country was approximately zero, but the monetary trade Imports of cereal products (mainly from Pakistan and South Africa) and palm-oil products (mainly from Indonesia and Singapore) were responsible for 2.0 km 3 /y and 1.1 km 3 /y, respectively (Figure 4 ). Other key agricultural products responsible for Kenya's virtual water import were sugar products (0.21 km 3 /y) and cotton products (0.21 km 3 /y). Kenya is not self-sufficient in water for its own food supply: 10% of its maize (the major staple food), 63% of its wheat and 72% of its rice are imported. Although the level of domestic cereal production has remained high, imports have shown significant growth. In 1996-2005, the share of imports was significant, reaching over 25% of the total supply of the main cereal products (maize, rice and wheat). At the same time, Kenya's exports of coffee and tea have enjoyed significant growth ( Figure 5 ). This is evidence of a shift in the agricultural sector towards the export of high-value crops (tea, coffee and horticulture) and import of low-value crops such as cereals.
The water footprint of national consumption
In the period 1996-2005, the total water footprint related to Kenyan consumption of agricultural products was 34.5 km 3 /y, equivalent to 1080 m 3 /y per capita (Table 4) . When we include the water footprint related to the consumption of industrial products and domestic water, we find a total water footprint for Kenyan consumption of 35.2 km 3 /y, which means that Kenyan citizens had a water footprint of 1100 m 3 /y per capita on average (94% green, 3% blue and 3% grey). This is 20% less than the global average .
The water footprint of Kenyan consumption is largely determined by the consumption of agricultural goods, contributing 98% to the total water footprint. When we look at the level of product categories, consumption of meat products gives the largest contribution to the total water footprint (30%), followed by cereal products (29%) and pulses (12%). The consumption of maize products contributes the largest proportion (74%) to the cerealrelated water footprint of Kenyan consumers, which is no surprise given the fact that Kenya's food staple is ugali, made from cornmeal. When we look at the breakdown of the water footprint into internal and external, the external water footprint constitutes 17% of the total water footprint, a bit lower than the global average of 22% .
Water conservation in Kenya -the role of virtual water trade
Water scarcity is an increasingly significant problem for Kenya (GoK, 2007; UNEP, 2006 ). Kenya's total renewable blue-water resources are estimated at 30.7 km 3 /y (FAO, 2005) . Using the 2005 population of 35.6 million (UNSD, 2010), this comes down to 862 m 3 /y per capita. According to the UN's medium-variant projection, Kenya's population will grow towards 97 million in the year 2050 and on to 160 million in 2100 (UN, 2011) . This means that the renewable blue-water resources will drop towards 316 m 3 per capita in 2050 and 192 m 3 per capita in 2100. This is extremely little when compared with the roughly 1000 m 3 /y per capita needed for an adequate diet and often used as a threshold for chronic water shortage (Falkenmark, Rockström, & Karlberg, 2009) . One should realize, though, that Kenya mainly draws on green-water resources (rain-fed agriculture). Even in irrigated agriculture, green-water resources are an important component in the total water supply. Much of the world's food is grown not from blue but from green water (Falkenmark & Rockström, 2004) . This is certainly the case in Kenya, where agriculture is mainly rainfed and about 97% of the water footprint related to crop production is a green-water footprint. Therefore, it is quite important to consider the level of green-water scarcity as well.
The average annual rainfall in Kenya is approximately 630 mm. There is significant variation across the country, from less than 200 mm in northern Kenya to over 1800 mm on the slopes of Mt. Kenya (FAO, 2005) . More than 80% of the country, including the northern and eastern regions, is arid or semi-arid, and only 17% is considered to have high agricultural potential (FAO, 2005; WRI, 2007) . The annual rainfall figure does not reveal the existing pattern of dry and wet seasons within the year, the differences between drier and wetter years, or the variations across the country. Figure 6 shows the temporal and spatial variability of Kenya's rainfall, with long-term statistics for the months of February, April and July, and for the annual average. East of the Rift Valley, 'long' rains fall from March to May and 'short' rains from October to November (WRI, 2007) . The western part of the country, bordering Lake Victoria, generally experiences only one long rainy season, from March to September. For most of the country, the 'long' rains account for much of the annual rainfall, but the 'short' rains also play a crucial role in many areas (WRI, 2007) . There is also great variation in the rainfall amount and the distribution from year to year (Figure 7) .
The temporal and spatial variability of rainfall, combined with the high crop water requirements typical in the semi-arid and arid parts of the country, precludes much of the country from being suitable for the growth of rainfed crops. Thus, policy makers should take effective measures to use the limited water resources wisely, in order to avoid future problems with the country's food production and economic development.
Managing water scarcity entails either supply-side or demand-side management or a combination of the two. Since the available water supply is limited in many areas and increasing it is usually costly or simply impossible, there is a growing emphasis on increasing water-use efficiency (Falkenmark et al., 2007; Gleick, 1998; Postel, 2000; Wallace & Gregory, 2002) . According to Hoekstra and Hung (2005) , there are three levels at which water use efficiency can be increased: the level of the water user; the level at which water allocation takes place (usually the catchment level); and the international level, at which virtual water trade takes place.
At the user level, water-use efficiency can be increased by enlarging water productivity (more crop per drop), both in rainfed and irrigated agriculture. Green-water productivity can often be increased by better soil management, so that the soil better holds rainwater, which improves water availability to the plants and thus helps to increase yields. One could also look at the possibilities of introducing high-yielding and droughtresistant crops, and smart ways of crop rotation. The key here is to reduce unproductive evaporation and increase yields. Blue-water productivity can be increased by better irrigation technology and practices (e.g. deficit irrigation). Indirect instruments to stimulate farmers to increase blue-water productivity are charging water prices based on full marginal cost, assisting with making necessary investments and creating awareness of the detrimental impacts of excessive water abstraction.
Most of Kenya's irrigation systems suffer from poor irrigation efficiency. About 60% of the irrigated land is irrigated by sprinklers and about 38% by surface irrigation (FAO, 2005) . Although the potential for water saving through increased efficiency is high, it is not as large as one may think. This is because the classical definition of irrigation efficiency ignores the value of return flows, i.e. irrigation-water runoff and seepage that re-enter the surface-groundwater system (Keller & Keller, 1995; Seckler, Molden, & Sakthivadivel, 2003) . When the return flow is reused, overall efficiency increases. Thus, while individual systems could have low levels of efficiency, the basin-wide efficiencies can be much higher. Therefore, taking steps to increase water-use efficiency at the local level based on the classical efficiency calculations often will not result in genuine water savings. The key to blue-water footprint reduction is to reduce unproductive evaporation losses and increase yields. Figure 8 shows that the maize yield in Kenya has shown no improvement over the years. Although it is slightly above the African average, it is far below the yields obtained in Egypt and South Africa and the average yield at the global level. This low yield is an indication that there is still much room for improvement in Kenya's agriculture productivity.
At the catchment level, water-use efficiency can be improved by reallocating the limited water resources to those purposes with the highest marginal benefits. At this level, we speak of 'allocative efficiency' (Allan 1999; Dinar, 1998) . Figure 9 shows the economic water productivity of selected crops in Kenya. Cut flowers have the highest productivity per unit of water -250 times that of pulses and 120 times that of maize. Vegetables have high water productivity as well, close to that of cut flowers. Spices, fruits and tea also produce more value per unit of water, compared to most other crops. This analysis is consistent with results obtained by other researchers. Owuor (1998) , for example, showed that horticultural crops are more productive than cereal crops such as maize. The high productivity in the cut-flower and vegetable sectors is partly due to irrigation, so the blue-water footprint is relatively large here. This is a concern in the sense that blue-water resources in Kenya are much scarcer than green-water resources.
At the international level, water-use efficiency can be increased if nations use their relative water abundance or scarcity to either encourage or discourage the use of domestic water resources in producing export commodities (Hoekstra & Chapagain, 2008) . In the case of Kenya, this implies that the country could best seek to achieve a positive net virtual water import balance. It does not mean that it should stop using domestic water resources in producing export products, but that it should do so wisely, to make sure that only those crops are produced for export that generate a high value per drop of water used and to find a balance between production for export and production for domestic food security. Kenya's current virtual water export is based mainly on high-value crops such as coffee, tea and horticultural crops, which indeed generate a high return per unit of water consumed -higher than cereal crops like maize. Kenya's imports, on the other hand, are mainly low-value but water-intensive cereal products. The net effect of Kenya's virtual water exports and imports related to agricultural trade is more or less neutral. Nyoro, Wanzala, and Awour (2001) showed that Kenya is less competitive compared to its neighbours, Uganda and Tanzania, in producing the major cereal crops, in particular maize. The local production cost of maize, sugar and (in some cases) wheat is much higher than the import parity price. According to Nyoro et al. (2001) , the production cost of coffee is among the highest in the world. Under such conditions, a rational economic decision would be to produce and export crops in which the country has a comparative economic advantage and import crops where its comparative advantage is minimal or negative. However, such policy decisions are never straightforward. They require a policy shift from national food self-sufficiency to food security. Such a policy presupposes a strong and diversified economy, which provides enough income to pay for the virtual water import in a sustainable manner. Unless there are enough foreign currency earnings from the export of high-productivity crops, from the industry and the service sectors, virtual water import may result in the depletion of the country's foreign currency reserve. In addition, the domestic agricultural sector needs to become more competitive; otherwise it will be damaged through the availability of cheaper agricultural goods from outside the Figure 9 . Economic water productivity for selected crops in Kenya, 1996 Kenya, -2005 country. The other important factor that must be addressed is the maintenance of employment for the rural population. In a country such as Kenya, where the great majority of the population relies on the agricultural sector for their livelihood, a policy shift in the direction of virtual water import may create great social stress (Allan 1999; Turton & Ohlsson, 1999) . Thus, a careful analysis of all available options for water management must be made before embracing virtual water trade as a strategy.
Conclusion
In the period 1996-2005, Kenya's imports contributed 25% to its total supply of the main cereals (maize, wheat and rice). In this way, Kenya is relying significantly on freshwater resources elsewhere. On the other hand, a substantial part (23%) of the freshwater appropriation in Kenya is used in producing exported products. About 42% of Kenya's total foreign exchange earnings come from the export of coffee, tea and horticultural products. These products contributed about 66% toward the virtual water export related to export of agricultural commodities. Currently, the water use within Kenya for producing export products is more or less in balance with the water use elsewhere for making products for consumption in Kenya. However, given Kenya's growing population, the increase in the use of scarce water resource for export products may, in the long run, conflict with water use for domestic food supply. The dilemma will be to increase water use for high-value export commodities in order to be able to import more food, or to reserve increasing amounts of water resources for domestic food production at the cost of water for producing export products. As long as water productivity can be increased (producing more with the same water), making this trade-off between water for export versus water for domestic consumption can be postponed; but the moment will inevitably come, because of Kenya's growing population and changing consumption patterns (more animal products, which are more water-intensive per kcal than crop products).
The production and export of cash crops from Kenya positively impacts on the socioeconomic development of the country. The water use for coffee and tea production is mainly positive: the impacts on the water system are limited because water use mostly involves the use of rainwater, while the export revenues amount to USD 581 million per year, which is 29% of Kenya's total export value. The water use for cut-flower production near Lake Naivasha contributes to water scarcity (declining lake level) and pollution problems, but the cut-flower export sector is a vital one, contributing USD 141 million per year in foreign currency, which is 7% of Kenya's export value.
In order to address its water-scarcity problem, Kenya must implement policy measures at different levels. Such policy measures include: improving water-use efficiency at the user level by charging prices based on full marginal cost; stimulating water-saving technologies; and creating awareness among water users of the detrimental impacts of excessive water abstraction. Charging prices on full marginal cost, besides its positive effect on raising water-use efficiency, will force farmers to reallocate the limited water to crops which can generate high economic returns per unit of water. Kenya's crop yields are among the lowest in the world. Raising yields by growing selected seeds and utilizing the available soil moisture through integrated soil and water management will be essential. At the river-basin level, water-use efficiency can be improved by reallocating water to those purposes with the highest marginal benefits. Finally, Kenya can use virtual water import and export as a strategy to address its water problem by discouraging the use of domestic water resources in producing export commodities that are highly water-intensive and have low economic returns per unit of water. Production of cash crops with high economic returns per unit of water that are less water-intensive and produced from rainwater can be encouraged, although Kenya's challenge will be to maintain national food security at the same time.
